Besides the simple perturbation approach (usually employed in practical calculations) the theoretical formulation of the Auger decay from the view of a scattering process has been presented by Äberg and Howatt [8, 12] . To include the configuration interaction between an (isolated) quasi-discrete state t/J i and various autoionization continua {t/JPT} which are degenerate with t/Ji an additional principal value integration P along the free-electron energy has to be carried out. In the lowest order of the interaction matrix between the different continuum states (DF) counterpart. But even in the intermediate coupling scheme the computation of transition rates do not turn out satisfactorily. Theoretically intensity ratios may deviate up to a factor of three or even more. Hence, Focke et al. [5] conclude from their comparison of the measured relative intensities with simple MCDF results in Ar 6 + ions that interchannel interactions between the continuum states could be useful for explaining these discrepancies.
Introduction
The accurate study of free-atom Auger spectra involving electrons from the valence or the neighbouring closed shell is a difficult task both theoretically and expetimentally. Those spectra are usually dominated by correlation and coupling effects. Because of the fast transitions the excitation and decay process often cannot be separated completely. Even in cases where these two processes are independent (i.e. a two-step model can be employed) a large number of individual transitions occur which correspond to the coupling of the open outer shells and the outgoing electrons.
Furthermore, from the view of a realistic many-body description, a detailed theoretical study may provide, by comparison with measured spectra, a sensitive test of our insights on the atomic structure and on the dynamics of the radiationless decay. A first step in this understanding is the prediction of the energies and line intensities.
During previous years quite a few experiments have been performed in light and medium Na-and Mg-like ions [1] [2] [3] [4] [5] [6] . However, for the L-shell Auger spectra only recent measurements yielded a reasonable resolution of groups or sometimes even individual transitions. This was facilitated in Al + ions by photoinduced excitation [3] , and for Ar 6 + by ionatom collisions [5] . A low energy line group in these spectra was first interpreted by Stolterfoht [7] as a three-electron transition indicating that configuration interaction plays a significant role.
In collision experiments the 2p Auger spectra have been studied also for Na-like Ar 7 + and Fe 1 5 + ions [6] . The fast ions in such collisions reduce the Doppler shift and enhance the energetic resolution in the recorded spectra. Using light atoms the variety of the usually obtained final states may be decreased remarkably.
For Mg-like ions the 2p Auger spectra are divided into separate peak groups and identification of the observed lines can be constructively supported by multiconfiguration Hartree-Fock calculations or its relativistic Dirac-Fock~p (e,!, E) = (t/Jaf:IH -Elt/JPT> -c5 ap c5(e --r)(-r + E p -E)
t/Ji to the eontinuum state t/J(U is given by r; = 2n I (r/Jru; IH -E Ir/J;)
This form takes also into account the correct boundary conditions for ionization proeesses as ingoing waves. The indices e and r in eqs. (1) and (2) denote the kinetic energies of the Auger electron and the electron in an intermediate continuum state, respeetively. The quantity E is the total energy of the atomic system and its value is usually very elose to that of the quasistationary energy Ei of t/Ji when the CI with the radiationless continua is neglected. We use atomic units throughout this paper unless specified otherwise.
Since the Auger decay is a two-electron transition, the full Hamiltonian in the transition operator (H -E) is reduced to the two-eleetron interaction in the frozen orbital approximation. In the absence of the continuum coupling the transition rates eorrespond to Wentzel's ansatz [13] [first part in eq. (2)]. In most cases we used the instantaneous Coulomb repulsion for the two-electron interaction V 12 but in some (indicated) computations we also employed the sum of Coulomb-and transverse Breit operator 
(JJ r 12 The (Xi are the Dirae matriees and co denotes the wave number of the exchanged virtual photon. However, these relativistic effeets in the transition operator play only a minor role for the 2p speetra in the Mg-like isoelectronie sequence reported here.
For our relativistic 'caleulations we used MCDF wave functions [14] . An intermediate coupling scheme is taken into account by CI and diagonalization of the Hamiltonian submatrices where symmetry-adapted configuration state functions (CSF's) form the basis. In the energies of the initial and final states the coupling of the photon continuum [represented by the second and third term in eq. (3)] is included in lowest order perturbation.
With frozen orbitals in the initial and final states the Auger matrix elements may be decomposed into a sum of weighted radial integrals where the angular coefficients are obtained using Raeah algebra [15] . For both, the Coulomband Breit-interaction computer programs are available [14] whieh we have used for the reduetion of the matrix elements (ME's) for these so-called unrelaxed transition rates.
To take the more realistic electron relaxation into account it is necessary to treat the nonorthogonality of the orbital sets obtained in separate MCDF calculations of the initial and final states. This results in a large number of overlap integrals which have to be incorporated into the evaluation. In addition the one-electron operators in the Hamiltonian and the total energy E eontribute to the transition amplitudes.
In more detail, atomic state functions (ASF's) in the MCDF method ean be expanded in a linear combination of
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Slater determinants. These determinants are constructed from one-electron orbitals where for the initial and final states (on the right-and left-hand side of the ME's) different orbital sets have to be employed. These orbital sets will be denoted by {u i } and {vJ, respectively.
For a general operator a matrix element expression, with respect to such constructed nonorthogonal determinants U and V, has been elaborated upon by Löwdin [16] . Following his formulae the Hamiltonian matrix between nonorthogonal states can be wntten as a sum of one-and two-electron matrix elements weighted by overlap factors. This decomposition corresponds to the one-eleetron Dirae operator h1 and the electron-electron repulsion v12 in the total Hamiltonian [16, 17] 
Here, Duy(k 11) and Duy(k 1 k211112) denote the cofactors of the determinant D U Y = det Idk11 built up from the nonorthogonal integrals (5) In our relativistic Auger code we have developed a module for the complete expansion of an ASF in Slater determinants. It facilitates the computation of matrix elements between states of incomplete orthogonality for the different one-and two-electron operators in the Hamiltonian. Of course, this type of relaxed-orbital computation is very time consuming in eomparison to the method mentioned above. Therefore, in this case, we have omitted the sophisticated relativistic Breit terms [cf. eq. (3)] in eq. (4). For the same reason we also used the frozen orbital approach for the large number of matrix elements in the principal value integration.
Calculations
For the generation of the initial and final bound orbitals we employed the atomic structure code of Grant and coworkers [14] in the average-level (EAL) scheme. In this scheme, the radial orbital functions are optimized by minimizing the averaged energy of all states in question. The atomic state vectors and their energies are obtained by diagonalizing the energy matrix including the transverse Breit interaction and estimated quantum-electrodynamie eorreetions. Since the energy of the initial states respectively the final states are elose together, separate EAL calculations are an appropriate approach to take most of the electron correlation into account.
The 2p Auger speetra in Mg-like ions eonsist of all the energetically allowed transitions from 10 different initial atomic states with total angular momenta J = 0, ... , 3.
Within the DF scheme these states arise mainly from a mixt ure of the initial (nonrelativistic) configurations (il) 2p 53s 23p
Transitions result in the final configurations
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Thus, in our relativistic frame we included 116 CSF's in the expansion of the initial states and five final CSF's (which do not interact in this case) as derived from the electron coupling of the open shells. Because of their single electron outside a closed shell these final configuration states are energetically well-separated from CSF's of the same symmetry.
The two initial configurations (il) and (i2) have a strong CI whereas other configuration state functions (in particular 2p s3p3d2 and 2p
S3s 24p) only weakly contribute to these initial states. Test calculations demonstrated, that these configurations provide only a portion < 0.003 of the initial-state wave functions which was similarly reported by Focke et al. [5] (cf. their Table 1 ). On the other hand, however, arecent calculation [18] has showed that also weak-mixing configurations may alter the transition rates remarkably and should not be excluded in advance.
To study the effects of interchannel interactions and relaxation in more detail here we have neglected these weak configurations in the CSF expansion of the initial states. Both effects will be presented separately. But for the reason of limited CSF basis we have only calculated the transition rates for five light and medium elements.
The energies of the outgoing electrons are obtained from the differences of the total energies for the initial and final ionic states which we had optimized separately. In addition we also estimated the energy shift of the initial states which is caused by the coupling to the autoionization continua. This configuration interaction of a discrete state embedded in the continuum with free-electron states was worked out by Fano [19] . For its estimation a principal value integration similar to eq. (2) has to be performed. We found a value of this energy shift smaller than 0.05 eV for all the considered initial states. These shifts were neglected in the transitions energies.
The Auger energies in the 2p spectra range from about 50eV for Al+ ions to 600 eV for Kr 2 4 + ions. In this energy range the transition probabilities are not sensitive to deviations of 2 eV which may arise in this L\-SCF method in comparison to experiment. Hence, we have employed the transition energies as given by the total energies and will not discuss them further.
To study the orbital relaxation we performed various calculations with frozen orbitals (from the initial state) and with those optimized in separate SCF calculations for the initial and final states. In the following these types of calculation will be called unrelaxed and relaxed Auger rates, respectively. Furthermore, we add the principal value integrals in eq. (2) to the partial transition amplitudes to explore the influence of the interchannel interaction. The employed integration method was reported elsewhere [20] . In the next section the influence of both effects on the Auger rates will be discussed for some selected transitions as well as along the isoelectronic sequence.
Results and discussion
The 2p Auger spectra in the Mg-isoelectronic sequence have been measured recently for Al + ions after photoexcitation [3] and for Ar 6 + ions using a collisional excitation with He atoms [5] . 
Various theoretical approaches for Al+ ions
Initially an accurate computation of the transition probabilities has to be carried out together with an analysis of various approximations. Within the outlined theoretical framework we performed a systematic study of the 2p spectra. We improved the physical picture in our approximations by taking into account the electron relaxation and the channel coupling in different calculations. [21] configuration interaction Hartree-Fock code (CIHF). In these calculations they used additional 2p s3s 2np (n~4) configurations to remove difficulties with the two S-states and, furthermore, they rescaled the radial exchange integrals in their Auger matrix elements by a factor of 0.9. This semiempirical procedure was not repeated by uso We present here pure ab initio results. To facilitate comparison we list our values in the same manner used in Ref. [3] (cf. Table 1 ). It can be seen that the individual probabilities deviate by orders of magnitude. This demonstrates the role of symmetry-adapted atomic states.
A comparison between various approaches for the transition rates shows, that relaxation and channel coupling may alter the rates strikingly. This is demonstrated in Fig. 1 thermore, it becomes clear that even weakly contributing configurations may cause remarkable decays.
Along the isoelectronic sequence
For higher ionized atoms most previous calculations start with the assumption that the refinements discussed above as weIl as the effect of the exchange interaction between the bound and the outgoing electrons result only in slight changes of the transition probabilities. Though their influence is certainly reduced with increasing Z it is interesting to explore to which extent these effects become negligible. For atomic zinc, for instance, we found recently a clear reduction of the LI Coster-Kronig decay rates due to the (inhomogeneous) exchange potential in the Dirac-Fock equations of the continuum spinor. Similar shifts have been found by Karim [17] for the argon LI -L 2 3 M CosterKronig spectrum.
Therefore, we have investigated the 2p spectrum in the Mg-like sequence up to Kr 2 4 + ions and although we only computed the transition rates for five selected species the expected behaviour for an increasing nuclear charge became visible.
The various initial levels for light ions can be clearly classified by using LSJ coupling. Owing to the stronger mixing of the different configurations a simple extension to medium Z elements is not feasible. However, we employed the same notation for all considered ions using an energy ordering of the different states with the same angular momentum. Thus, levels of like symmetry will not cross each other in our notation.
In general the deviations from simple frozen-orbital calculations become smaller within the isoelectronic sequence. This applies to all considered transitions of this spectrum. However, changes due to the channel-coupling diminish faster than electron-relaxation effects. In our example, these sophisticated improvements result for Kr 2 4 + ions in small corrections only and for higher Z ions the MCDF method evidently provides a reliable approximation. For even higher Z, of course, the relativistic influence becomes dominant. As described above, we used relativistic wave functions, thus including the major part of relativistic effects. But to be consistent with relaxed-orbital calculations corrected for continuum interactions we employed only the Coulomb repulsion in the transition operator. At least for the light ions up to Ar 6 + this is a suitable approach. For heavier elements the deviations due to a relativistic Hamiltonian are then slowly increased. Figure 2 displays the Auger rates in different approximations for the 2p s3s 23p 1 So -2p 63p 2 P1/2 transition. Frozen-orbital MCDF results will be shown together with relaxed Auger rates and values which involve additional contributions from interchannel interactions.
Usually relative intensities may be derived more easily from experiment than absolute transition rates. Even for an unknown population of the initial states the relative intensities for transitions to different final states can be obtained. Such a ratio is presented in Fig. 3 for the total (radiationless) decay rates of a 1 P1 to a 3 PI state. For both J = 1 hole states we add the various probabilities for decaying to one of the final states of the 2p
urations. The approximations compared are the same as in Fig. 2 . From comparison with the previous picture (Fig. 2) it 
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for the decay of the 2p S 3s 23p 1 PI state where the deviations between the various approaches can be seen. Besides the simple MCDF results in column A, the next column B shows that relativistic terms in the transition operator, i.e. the Breit terms in the two-electron interaction, does not change the rates in the Al+ case.
It becomes obvious that for these 1PI transitions, the nonorthogonality of the electron orbitals (C) mostly enhances the Auger rates and the effects of this nonorthogonality is more striking than continuum interactions, except for the weak decay to the 2p 6 3d s / 2 final state. Here, the channel coupling provides the dominant correction (D). For the transitions to 2p 63pl/2 and 2p 63d 3 / 2, for example, electron relaxation increases the rates by a factor of about 1.5. However, these two effects on the frozen-orbital picture can also (partly) cancel out each other as demonstrated in Fig. 2 for Al+ ions.
The peak group on the low-energy side of the 2p Auger spectra in Mg-like ions was first identified by Stolterfoht and coworkers [7] as a three-electron transition to the 2p 63d final states. In their experiment they recorded an energy pattern which was very similar to that of the two line groups which correspond to 3s and 3p transitions [5] . These transitions to the 2p 63d final states are forbidden in the single configuration approximation. Within the multiconfiguration method they become possible because of the configuration mixing of the initial configurations (i1) and (i2). In the calculation of the Auger rates these transitions to the 2p 63d final states are particular sensitive to the electron relaxation and the channel coupling as shown in Fig. 1 . Fur- is obvious that the total rates (summed up for peak groups or the hole spectra) are less sensitive than the rates for individual lines. But for the nearly neutral Al + ions the frozenorbital MCDF theory is still enhanced by about 35 % owing to the phenomena discussed here.
Finally, we perform abrief comparison of our theoretical values with the few experimental data available. Because of the unknown initial state population and the insufficient resolution it is reasonable to compare only intensity ratios. For the two states 3 D 1 and 3 P 2 these ratios (normalized to 100 for each of the 2p -1 hole state) are listed in Table 11 . Besides our frozen-orbital MCDF results and our best values including all the corrections for relaxation and interchannel coupling it shows the results from the CIHF calculations (using the code of Cowan [21] ) and from Fig. 2 experimental data. Although we achieve an improvement in going from unrelaxed to relaxed calculations, some deviations remain which could not be resolved in our theoretical frame. They may either be ascribed to the minimal CSF basis used or be retained further as achallenge of the electron correlation problem. On the other hand, the experimental situation does not allow a clear separation of these individual lines and, thus, the cited uncertainties may be underestimated.
Conclusions
For relativistic Auger rates of the 2p spectra of some Mg-like ions we paid special attention to the electron relaxation and the coupling of the different decay channels. The presented relaxed orbital calculations show that individual rates can be shifted remarkably because of the incomplete orthogonality of separately optimized initial and final states. Similar large deviations are caused by the continuum inter- [5] using the nonrelativistic code of Cowan [21] CFrozen-orbital MCDF calculations within the described CSF basis (see text)
d MCDF results corrected for electron relaxation and channel coupling of the continuum states in eq. (2) action of the decaying states, in particular for the strong correlated outer-shell transitions in light atoms. Of course, the most striking changes occur for weak transitions but even in faster ones the rates can be altered up to a factor of 2. Hence, relaxation and channel coupling may have the same significance as the usually considered configuration interaction of the bound states. For higher-Z ions the relative influence of both effects become smaller but is not negligible within the investigated range. Weaker alterations usually occur for groups of lines because of the partial cancellation of the different shifts. This confirms, that total radiationless rates may be computed even in a much simpler independent-particle approximation.
Because of the scarcity of experimental data of high resolution, suitable for aseparation of outer-shell transitions, a detailed comparison with measured values is not feasible. In the examples given we obtained a rough agreement which is a slight improvement compared to earlier frozen-orbital results. The remaining differences may result from our limited CSF basis and the non state-specific optimization of the initial and final atomic state functions in the EAL scheme. The large differences between the various approaches, which sometimes showed up, give an idea of the sensitivity of the transition probabilities for outer-shell transitions. To reproduce these spectra theoretically a lot of information especially for the individual transitions is necessary. In spite of these difficulties we hope that this study stimulates future experiments.
